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1. INTRODUCTION

System studies have been conducted to determine the feasibility of developing

a reusable vehicle for performing future Air Force and NASA space maneuvering

missions. These studies have shown that over the thrust range of interest

higtl-pressure, staged-combustion cycle engines offer the highest specific

impulse and payload capability. A review of the vehicle and engine system

study results indicates that a single bell nozzlesstaged-cornbustion cycle engine

at a 20_O00-pound-thrust level is near optimum for the DOD and NASA mission

requirements. Further, it is clear that some of the advanced features, e.g.,

pressurized-Idle operation and very low NPSH, are attractive from the mission

and/or vehicle standpoint,

The objective of this program Is to provide the preliminary design of a high-

performancq staged-combustion cycle rocket engine with a nominal vacuum thrust

of 20,000 pounds using hydrogen-oxygen as propellants.

The purpose of this effort is twofold: (!) to resolve the best approach among

the several technical choices made by previous study contracts so that component

research may be properly focused and (2) provide a preliminary design for a

20_O00-pound-thrust, staged-combustion cycle research engine which will allow

studies of component interaction problems and engine dynamics problems prior

to the beginning of any effort on a development engine. The pr_jram is divided

Into five technical tasks and one reporting task. The tasks and the schedulin(I

of the effort in these tasks are shown in Fig. 1. Also sh(_r_ in Flu. I arc the

specific NASA/LeRC approval milestones required for each task.
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II. TECHNICAL PROGRESS SUMMARY

As shown in the Program Schedule, the effort durin(j the initial portion of the

program is devoted to the selection of the specific configuration (and asso-

ciated operational modes) to be designed during the remainder of the program.

This effort has been completed and a recommended configuration presented to

NASA for approval. The effort conducted and the conclusions derived are sub-

sequently summarized.

Also during this period, the Program Work Plan was prepared and submitted for

approval t as scheduled. The document (ASR 72-144, dated 12 July 1972) has been

approved and implemented as the work plan for the remainder of the program.

TASK IA - CONFIGURATION SELECTION

The Task IA study was conducted based o_ the results of previous vehicle and

engine studies. Major emphasis was placed on utilizing the results of effort

conducted under Air Force Cont facts F04611-67-C-O016, F046 ! 1-71-C-0039, and

F046 i 1-71 - C-O0 40.

The specific design configurations and operational mode alternatives studied

are presented in Table 1. These configurations encompass the results of the

tilree previous Air Force contracts. Also, as stipulated in the Uork Statement,

the non-throttling engine configuration tradeoff was conducted first, follov,ed

by an assessment of the impact of throttling. Tile NPStt alternatives were
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considered for start only with mainstage operation baselined at 2 feet L02 and

15 feet LH2, respectively, The analysis of 0/0 NPSH was limited to the tank-

head-idle mode start. An overviev_ of the previous contract results as related

to the aforementioned design configuration and operational mode alternatives is

presented in Table 2.

To assure that the study was conducted consistent with reasonable design criteria,

the preliminary ,conceptual design ground rules were identified and are presented

in Table 3.

Alte rnat i ve En9 i ne Con fl 9urat.i on.s.

The study was conducted by performing a preliminary tradeoff of the boost pump

drive, thrust chamber cooling, and preburner alternatives to select the engine

configurations to be subsequently assessed for final selection of an engine

configuration.

Boost Pump Drive Methods. The boost pump drive methods considered during the

preliminary tradeoff were gear, hydraulic (both full flow and partial flow),

and gaseous hydrogen (GH2) drives, as typically shown in Figs. 2 through 5.

As shown, the gear drive method ls directly coupled to the main LO2 pump shaft.

The gears are dry-film lubricated and hydrogen cooled. This arrangement neces-

sitates a dynamic seal package in the LO2 boost pump,

The full-flow hydraulic boost pump is located directly in line with its

respective main pump and the boost pump turbine is located between the main pump

inducer and first impeller. The turbine derives its power from the discharge of

the main pump inducer.
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The partial-flow hydraulic approach utilizes a small portion of the main pump

discharge flow to drive the boost pump turbine after which this flo_ is returned

to the inlet of the main pump,

The 6H 2 drive method consists of a gas turbine driven by gaseous hydrogen heated

in the thrust chamber cooling jacket. A small portion of the cooling jacket flow

is diverted to drive the boost pumps prior to being routed to the prehurner.

The boost pump turbine inlet pressure and temperature are approximately /4000 psi

and 400URp respectively.

The tradeoff considered operation during startp maintenance of main pump UPSH

(startD mainstage_ and off design)_ life, non-propulsive propellant losses,

mechanical design, and impact on the power cycle. It was concluded that due to

the early benefit to the engine start process, packaging flexibility, flexibility

for off-design operation, and good life potential, the GH2 drive r_thod was the

most desirable even though seal leakage (LO 2 boost pump) and potential hi qh axial

load problems are design drawbacks. The gear-driven boost pump method was con-

cluded to be life-limited unless a si_nificant reduction in main pump speed is

implemented to limit the pitch line velocity to within tolerable limits. The

lower main pump speed would compromise the system cycle efficiency. In addition,

the lack of packaging flexibility and late start during the start sequency further

limited its applicability. The full-flow hydraulic drive mechanical cornplexity_

delayed startupp and limited boost pump horsepower (low NPSH and limited turbine

diameter) made it less desirable than the GH2 boost pump drive method. The par-

tial-flow hydraulic drive method for the fuel boost pump was rejected because

the high probability of two-phase flow would make the turbine design difficult.

However, the application of the partial-flow hydraulic drive to the oxidizer boost

pump only lacked the early startup capability but would eliminate the need for
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a seal package (minimizes non-propulsive propellant loss) and therefore was con-

sidered very attractive. Thusp the GH2 turbine drive for the fuel boost pump and

alternates of GH2 turbine or partiai-flc_ hydraulic turbine drive for the oxi-

dizer boost pump were adopted for further tradeoff as part of the alternative

engine configurations to be studied,

Thrust Chambe,r ' Coolin_ Methods. Both thrust chamber cooling methods consist-

ing of one-and-a-half pass or split-flow cooling (as shown in Fi_, 6) to an area

ratio of I00;I and dump cooling from E = lO0;l to E = 400:1 were adopted for

alternative engine configurations to be assessed in the final tradeoff, Full

regenerative cooling is potentially advantageous and will be further considered

as part of the preliminary design effort follovsing selection of the baseline

conf i gurat i on.

Preburner Configurat.ion.s. The single- and dual-preburner configurations used in

the alternative engine configuration tradeoffs are presented in Figs. 7, 8, and 9.

The side-mounted air-gap spark igniter was adopted for the enqine configuration

tradeoff study In lieu of Injector mounting to minimize preburner assembly

weight. The injector is a non-throttling, concentric orifice configuration.

Alternative Engine Configurations. Based on the component alternatives selected,

eight (8) non-throttling engine configurations (as listed in Table 4) vJere

selected for engine assembly level tradeoff studies culminating in a single

recommended des lgn.
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Non-Th rott 1 i ng Eng i ne Con f i _u rat I on Select i on

The eight (8) alternative engine configurations are diagrammatically presented

in Figs. 10 and 11. Only the primary on/off and modulating valves are shown for

tradeoff purposes. The valve locations were selected utilizing non-linear mode]

data that indicated locations requiring major pressure drop changes for off-

design operation. Additional valve requirements will he identified during the

design of the selected configuration.

Steady-state and dynamic models were utilized in establishing the nominal design

points, off design, and start transient analyses. In establishing the noBinal

chamber pressure for each configuration, a contingency margin of 60°F in pre-

burner temperature, in addition to the temperature reduction required to compen-

sate for engine hardware and mixture ratio variations and preburner temperature

striation, was Included, thus establishing the nominal preburner temperatures

at 1860 °Ro The nominal chamber pressures, engine iength_ and specific impulse

(Is) for each configuration is presented in Table 5. The I s values are based on

parametric data and contain no contingency considerations and therefore are pre-

sented for relative comparison. Once the baseline configuration is selected_ a

detailed performance analysis (requiring a more rigorous thrust char, lber heat

transfer analysis) will be conducted.

Start transient analysis of the alternative configurations was conducted, and it

was determined that all configurations would start satisfactorily with minor

variations in valve sequencing. Idle-mode start was adopted because it is the

only method of chllling the engine down and simultaneously efficiently ,ti]izin_

the expelled chilidown propellant. A typical start sequence and transient con-

ditions are presented in Figs. 12 and 13. The typical start transient flowrates
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I--.

vs time are presented in Fig. 14. As shown, the starting NPSH is provided to the

engine, start of the engine ls initiated to idle-mode conditic_s and concurrently

autogenous pressurization of the vehicle main propellant tanks is conducted. _Phen

the required NPSH of 2/15 feet is achieved and the engine is thermally conditioned,

the engine is ramped to mainstage. Start under 0/0 feet NPStl conditions was

considered, and it was concluded that since 0/O feet NPSH vJould occur at the start

of idle-mode operation, the boost pumps could be sized for 2/]5 feet HPSH operation

required for mainstage conditions and also pump under 0/0 feet P_PStl at idle-mode

flowrates. To design for 0/0 feet NPSH at mains,age would result in a prohibitive

size for the oxidizer boost pump, as shown in Table 6. It should be pointed out

that ability to start by pumping saturated propellants is strongly influenced by

the inlet line dynamics and Inertia and therefore this area requires definition.

!

A summary of tim engine configuration tradeoffs is presented in Table 7. Both

quantltative factors, such as maximum chamber pressure, I s , weight, and cost and

qualitative judgments (ranked in order of preference) such as start character-

istics, flexibility, and complexity, were considered. The maximization of cham-

ber pressure is desirable since for a given percent thrust chamber length, it will

result in a shorter engine. The I s values reflect the performance loss as a result

of dynamic seal leakage from the turbopumps as well as thrust chamber performance.

The early start capability of the GH2-driven boost pumps resulted in their higher

order of preference. The flexibility ranking was directed towards those configura-

tions with greatest adaptability to change during the development cycle while the

complexity ranking primarily considered the number of components or functions,

stress level, and state of the art as indicators of development risk. The weights

listed include a IO-percent contingency and the costs are presented in terms of

1972 dollars. It was concluded that the alternative number 4 represents the

most reasonable compromise of all factors and therefore is the recommended
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non-throttling engine configuration. Several pertinent characteristics of the

selected configuration are presented in Table 8.

Impact of Throttlin_

The impact of throttling on three (3) configurations selected fror_ the non-

throttling case was assessed. Schematics of number 4T and number 8T are presented

as typical in Fig. 15. As in the non-throttling configuration t valve locations

are of particular importance. Though other control points could be selected, those

shown represent a consensus of previous studies and are considered suitable for

meeting the engine throttling and mixture ratio control requirements. A surnr_ary of

the throttling assessment is presented in Table 9. The same approach v_as utilized

in evaluation of each throttling engine configuration_ as previously discussed, for

tile non-throttling engine design. As is apparent frc_l Table 9_ there v,as little

difference between the alternative configurations.

Conclusions

Engine configuration number 4 is reco_nended for fulfilling the non-throttling

engine requirements. The engine should incorporate idle-mode start and autoo-

enous tank pressurization (pressurization flowrates to be defined). It is also

recommended that the capability of 0/0 feet NPSH be pursued,

k

f-

In addition, it was concluded that for meeting a firm throttling requirement,

configuration number 8T would be desirable, However_ if throttling ls not a

firm requirement_ configuration number 4 can be adapted with minimum penalty.

Therefore_ it was recommended that configuration number 4 be baselined for the

remainder of the program.
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III. CURRENT PROBLEtlS

There are no problems at this time.

_k
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IV. WORK PLanNED

The follo_Ing subtasks are planned to be initiated during the next report

period:

• Cycle and component design parameter opti_ization

• Detail component identification

• Pneumatic and electrical system identification

• Engine sequencing

• Engine chilldown and propellant dump analyses

• Assimilation of material, stress level, and thermal

fatigue data to be used in component analysis
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